Many different genera within the family Enterobacteriaceae have been found to produce type 1, or mannose-sensitive (MS), fimbriae (4, 6) . Although type 1 fimbriae appear morphologically similar regardless of the genus in which they are observed, they have been shown to be serologically unrelated (4, 9, 16) . Differences in the polypeptide subunits of the fimbrial protein may explain this antigenic diversity. Indeed, the amino acid compositions of fimbriae purified from Escherichia coli and Salmonella typhimurium have been shown to be different (13) .
Recently, the E. coli type 1 fimbrial gene cluster was cloned, and with the techniques of recombinant DNA technology, it was demonstrated that a minimum of four proteins, organized into at least three transcriptional units, is necessary for fimbrial expression in E. coli (18) . Studies of the molecular biology of type 1 fimbrial production have been restricted to the fimbriae of E. coli and Klebsiella pneumoniae (19) . It is presently unknown whether the genetic components which encode type 1 fimbriae in other enteric bacteria are similar to the E. coli and K. pneumoniae systems or whether they differ significantly at the molecular level. This paper describes the cloning of the DNA sequences encoding fimbriae in S. typhimurium, Enterobacter cloacae, and Serratia marcescens.
MATERIALS AND METHODS
Bacteria, growth conditions, and HA tests. The species of enteric bacteria used to prepare genomic libraries are shown in Table 1 . A nonfimbriate strain of E. coli HB101 (hsdM hsdR recA) was used in all transformation experiments unless otherwise stated. Bacterial cultures were grown in Luria broth or on Luria agar (15) for 18 to 24 h at 37°C. Culture media were supplemented with the appropriate antibiotics at the following concentrations: ampicillin, 100 ,u.g/ml; tetracycline, 20 jig/ml; kanamycin, 20 ,ug/ml; chloramphenicol, 25 ,.g/ml (200 ,ug/ml for plasmid amplification). Spectinomycin (200 ug/ml) was used for the amplification of plasmids conferring chloramphenicol resistance. mixed with an equal volume of erythrocytes. After they were mixed, the trays were placed on ice for 60 min, and the highest dilution causing visible agglutination was designated as 1 HA unit. HA inhibition tests were performed by mixing a diluted bacterial suspension (3 HA units in 25 ,ul) with dilutions of antifimbrial serum (25 ,ul), followed by incubation at 37°C for 60 min. Subsequently, 25 ,ul of erythrocytes was added to all reactions, and the titer of the serum was recorded as the highest dilution responsible for inhibition of an HA reaction.
Preparation of antifimbrial serum. Serum raised against fimbriate strains was prepared as described by Duguid et al. (5) . Nonfimbrial agglutinins were removed from the sera by absorption with nonfimbriate phase cultures.
Preparation of DNA. Chromosomal DNA was prepared from overnight broth cultures (250 ml) after incubation at 37°C. After centrifugation, the bacterial pellet was suspended in 1.5 ml of 0.15 M NaCl-0.1 M EDTA (pH 8.0) containing 4.0 mg of lysozyme, and after incubation for 15 min at 37°C, the cells were frozen at -60°C. A solution (12.5 ml) of 0.1 M NaCI-0.1 M Tris (pH 8.0)-1.0% sodium dodecyl sulfate was added to the frozen mixture which was thawed at 65°C, and after a second freeze-thaw cycle, a 0.5 volume of phenol saturated with TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA) was added. After extraction, the DNA was precipitated by the addition of 2 volumes of 95% ethanol, centrifuged for 30 min (17,400 x g) and redissolved in 5 ml of TE buffer. After treatment with RNase (50 p.g) for 60 min at 37°C, the DNA preparation was deproteinized by extraction with phenol. Finally, the precipitated DNA was redissolved in 1.0 ml of TE buffer. Plasmid DNA was purified from amplified cells (3) by sodium dodecyl sulfate lysis and ethidium bromide-cesium chloride equilibrium density gradient centrifugation (10, 20). Rapid detection of plasmids from transformed cells was performed by the method of Holmes and Quigley (11) .
The construction and expression of plasmids pBP7 (19) and pSH2 (12) have been described in detail elsewhere.
Restriction enzyme digestions. All restriction endonucleases used in these studies were purchased from commercial sources and used according to the instructions of the manufacturers. Enzyme digestions were performed in 25-,lI volumes, and digestion patterns were observed after electrophoresis through 0.7% agarose gels as previously described (19) .
Preparation of genomic libraries. The cosmid cloning technique was used to prepare chromosomal libraries of the enteric bacteria (14, 19) . Cosmid pMF7 (8) Corp., Marine Colloids Div., Rockland, Maine). After ligation of these fragments to pMF7 which had been digested by the appropriate enzyme, recombinant molecules were packaged into lambda phage particles (14) . E. coli transductants were selected on Luria agar containing ampicillin and were subsequently screened for HA activity. Isolation of TnS insertions. The phage A b221 cl857::Tn5, carrying the TnS element encoding kanamycin resistance, was used to infect recombinant strains as previously described (19) . Subsequently, plasmid DNA was prepared from these strains, and after transformation of the nonfimbriate E. coli HB101, bacteria were plated on agar containing kanamycin and the appropriate antibiotic. The location of TnS insertions was determined by analysis of restriction endonuclease fragments.
RESULTS
Cloning of the DNA sequences encoding type 1 fimbriae of S. typhimurium, S. marcescens, and E. cloacae. Each of the three species was shown to be strongly fimbriate as evidenced by its ability to agglutinate guinea pig erythrocytes and by electron microscopy. After construction of genomic libraries from each species, Ampr transductants were screened for MSHA activity. The frequency of transduction to the MSHA+ phenotype ranged from 1 in 200 for S. typhimurium to 1 in 400 for E. cloacae. Plasmids prepared from hemagglutinating clones transformed E. coli HB101 to Ampr and HA activity with 100% efficiency. Type 1 fimbrial genes from the three species were further subcloned by conventional techniques by using the cloning vehicles pBR322 and pACYC184. The smallest plasmids constructed which retained the coding information for S. typhimurium, E. cloacae, and S. marcescens fimbrial production were designated pISF101, pECH3, and pMH2, respectively (Fig. 1) . Thus, pISF101 contained a 12.8-kilobase pair (kb) EcoRI fragment derived from the chromosome of S. typhimurium 6704. Removal of either the 9.5-or the 2.5-kb HindIll fragment from this plasmid resulted in the production of MSHA-transformants. Plasmid pECH3 was constructed from a 15-kb E. cloacae chromosomal DNA fragment, and further subcloning of the 8.3-kb ClaI fragment failed to transform E. coli HB101 to HA activity. Similarly, Sall, HindIII, and BamHI fragments of pECH3 did not possess complete genetic information to encode functional type 1 fimbriae. A 15-kb chromosomal DNA segment isolated from S. marcescens IA506 constitutes the inserted DNA of pMH2, and once again, further subcloning did not result in the construction of plasmids which retained the hemagglutinin-coding capacity. Physical maps of these plasmids are shown in Fig. 1 , which also includes the recombinant plasmids encoding type 1 fimbriae of K. pneumoniae (pBP7) and E. coli (pSH2). A comparison of the number and locations of restriction endonuclease sites within these plasmids revealed little similarity except for pBP7 and pSH2.
Estimation of the size of the DNA fragment necessary for fimbrial expression. The transposon TnS was used to determine the approximate length of DNA essential for expression of the MSHA phenotype in the three species (Fig. 1 ). Transformants were selected on agar containing kanamycin and the appropriate second antibiotic, the site of the Tn5 insertion being mapped by restriction enzyme analysis. For each plasmid, a minimum of 10 independent insertions was mapped, including at least five which resulted in the loss of HA activity. As reported for E. coli and K. pneumoniae (12, 19) , a DNA length of 5.5 to 8.0 kb, depending upon the species, was necessary to contain the genes encoding phenotypic expression of fimbriae. In all cases, the insertion of the TnS element into these regions eliminated MSHA activity, and representative isolates, when observed by electron microscopy, were found to be nonfimbriate. In the case of plasmid pECH3, no Tn5 insertion, which retained HA activity, could be mapped in the 2.0-kb BamHI-EcoRI region (Fig. 1) .
Complementation of TnS insertion mutants of pBP7 and pISF101. MSHA-insertion mutants of pBP7 and pISF101 were used to detect complementation groups in these plasmids (Fig. 2) . At least two complementation groups were found with mutants of pBP7 alone, and strains possessing two different plasmids from each group, with the compatible cloning vectors pACYC184 and pBR322, were converted to HA+ phenotypes. Similar results were observed for pISF101. Transformants containing one derivative of each plasmid (pBP7 and pISF101) were never converted to the production of fimbriae as determined by HA. Such transformants possessed both plasmids, however, as shown by the number and sizes of restriction fragments after digestion.
Serological specificity of fimbrial antigens produced by recombinant strains. Fimbrial antisera raised against the wild-type enteric bacteria were used to determine the type of fimbriae encoded by the recombinant plasmids. The HA inhibition titers of the antisera, titrated against plasmid-containing MSHA+ strains of E. coli, are shown in Table 2 . In all cases, the HA inhibition titer of a fimbrial antiserum was at least fourfold greater with the recombinant strain encoding the homologous antigen than with the other strains. Thus, Serratia and Enterobacter antifimbrial sera only inhibited MSHA by E. coli containing plasmids pMH2 and pECH3, respectively. Some cross-reactivity was observed by using the K. pneumoniae fimbriae with the E. coli antiserum, and pSH2  640  40  <20  <20  20  pBP7  160  640  20  20  <20  pISF101  20  40  160  20  <20  pECH3  <20  <20  <20  80  <20  pMH2  <20  <20  <20  <20  640 Underlined titers are those of the homologous antigen-antibody system. Lowest dilution of a serum used in test was 1 in 20.
similarly, the S. typhimurium antigen reacted with the E. coli antiserum; however, the titer in each case was significantly lower than with the homologous system.
DISCUSSION
The genes encoding type 1 fimbriae of S. marcescens, S. typhimurium, and E. cloacae were cloned in E. coli. A comparison of the physical maps of recombinant plasmids, along with those encoding fimbriae of E. coli and K. pneumoniae, demonstrated little similarity. For example, pBP7 possesses unique enzyme sites (e.g., BamHI) within the inserted DNA when compared with pISF101. Similarly, both plasmids possess two EcoRI and ClaI sites, but the map positions of these sites with respect to each other are different. The differences in the restriction maps of these plasmids may indicate differences at the molecular level of the gene clusters involved in fimbrial expression. However, a more detailed comparison between these genes and their gene products must be made before conclusions can be drawn concerning the homology (or lack thereof) of the type 1 fimbrial genetic apparatus in enteric bacteria. Experiments are currently in progress, using the minicell system of E. coli and deletion derivatives of these plasmids, to determine the number and location of polypeptides encoded by the recombinant molecules.
As in other type 1 fimbrial gene clusters (12, 19) , those of S. marcescens, E. cloacae, and S. typhimurium appeared to possess more coding information than is necessary to determine the fimbrial subunit (Fig. 1) . For example, the molecular weight of the S. typhimurium fimbrial subunit has been reported to be 21,000 (13) , whereas the amount of DNA necessary for its phenotypic expression was found to be approximately 5.0 kb. Thus, the length of DNA is significantly greater than that required to contain only the gene encoding the fimbrial subunit. This suggests that accessory gene products are contained within the chimeric plasmids and that these polypeptides are involved in phenotypic expression of fimbriae. Previous reports have shown that at least four polypeptides are essential for fimbrial expression in E. coli (18) . Therefore, the question arises whether these accessory proteins are genus or species specific for fimbrial expression. Initial evidence, using the compatible cloning vehicles pBR322 (1) and pACYC184 (2) , suggests that genes of S. typhimurium and K. pneumoniae cannot act in trans to encode functional fimbriae. However, complementation was found with mutants derived from the same species (Fig. 2) . A more extensive analysis of complementation reactions among all the fimbrial plasmids is presently being undertaken.
With serological tube agglutination assays, it was found that the type 1 fimbriae produced by different genera of the Enterobacteriaceae are serologically distinct (4, 16, 19) . Therefore, if the plasmids described in this report possess the genes encoding the fimbrial subunit of each genus, E. coli strains carrying chimeric plasmids would be expected to react with the serum raised against the fimbriae of the wild-type strains. Indeed, such specificity was observed with the HA inhibition test. Cross-reactivity was observed only in two instances. A sharing of fimbrial antigenic determinants among isolates of E. coli and K. pneumoniae was reported previously (4) ; the reciprocal cross-reaction was weak in our experiment. Nevertheless, the similarity between fimbrial antigens of these two genera was reflected by a close degree of homology between the physical maps of pSH2 and pBP7. The results described herein demonstrate that foreign fimbrial appendages can be synthesized in E. coli and are serologically identical to those of the wild-type strains.
The precise role of type 1 fimbriae of enteric bacteria remains unknown, although the adhesive properties of these organelles undoubtedly convey an important property on the bacterial cell, as evidenced by the widespread occurrence of fimbriation among this group of bacteria. Speculation has centered around the possible role of these adhesins in facilitating infection of animals and humans (6, 7, 17) . Alternatively, fimbriae may be responsible for attachment to surfaces by commensal or free-living members of the Enterobacteriaceae. The cloning of the fimbrial genes from different genera within this family will facilitate a comparative analysis of this genetic system. The recombinant plasmids described above will be used to provide information concerning the conservation of DNA elements coding for structurally and functionally related bacterial appendages.
